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ABSTRACT

Recent research in birds suggests that investing in incubation
is one mechanism by which parents can enhance the phenotype
of their offspring. Posthatch environmental conditions can also
shape an individual’s phenotype, and it is thus possible for pre-
and posthatch conditions to have interactive effects on an in-
dividual’s phenotype. In this study, we examined the individual
and interactive effects of prehatch incubation temperature and
posthatch food availability on growth, food consumption, and
thermoregulatory ability in wood duck (Aix sponsa) ducklings.
Eggs were incubated at one of three temperatures (35.0�, 35.9�,
or 37.0�C), and then ducklings were reared on an either ad lib.
or time-restricted diet for 12 d after hatching. We found that
food availability influenced duckling growth, with the slowest
growth occurring in ducklings fed the restricted diet. Incuba-
tion temperature also interacted with food conditions to influ-
ence duckling growth: ducklings fed ad lib. from the lowest
incubation temperature grew slower than ducklings fed ad lib.
from the higher incubation temperatures. Most importantly,
we found that the improvement in a duckling’s ability to main-
tain body temperature in the face of a thermal challenge was
influenced by embryonic incubation temperature but not feed-
ing conditions. Ducklings from the highest incubation tem-
perature experienced the greatest improvement in thermoreg-
ulatory performance with age. Our findings suggest that the
prehatch environment is more important than posthatch re-

source conditions in determining some physiological functions
and underscores the important role that incubation tempera-
ture plays in determining offspring phenotype in birds.

Introduction

Parents can provide fitness advantages to their offspring by
making resource investments (e.g., time, energy) in their young
early in development. For instance, in some oviparous verte-
brates, young hatching from larger eggs tend to have heavier
body mass, higher survival, and better competitive abilities than
conspecifics hatched from smaller eggs (Rhymer 1988; Williams
1994; Cox et al. 1998; Einum and Fleming 2000; but see Cong-
don et al. 1999). In birds, much research on early resource
investments in young has focused on egg size and, to a lesser
extent, the allocation of important resources—such as hor-
mones and carotenoids—to eggs and the implications of these
parental effects for embryonic developmental rates, offspring
size at hatching, competitive abilities, growth rates, and im-
mune responses (Williams 1994; Saino et al. 2003; Groothuis
et al. 2005; Eising et al. 2006; Groothuis and Schwabl 2008;
Biard et al. 2009). Although not widely studied in birds, parental
investments in incubation, which influence incubation tem-
perature, appear to be crucial in determining phenotypes of
avian offspring as well. Incubation temperature can affect a
suite of phenotypic traits important for future development
and survival, including offspring size at hatching, growth, body
condition, locomotor performance, thermoregulation, meta-
bolic rate, immune responses, and stress endocrinology (Hepp
et al. 2006; DuRant et al. 2010, 2012a, 2012b; Hopkins et al.
2011; Nilsson and Nord 2011). Furthermore, a recent study
demonstrated that females incubated at lower temperatures
have lower survival and reproductive success in the wild than
females incubated at higher temperatures (Hepp and Kennamer
2012). Thus, early investments made by parents during incu-
bation could ultimately increase both their fitness and the fit-
ness of their offspring by generating nest temperatures that
produce young with high-quality phenotypes.

Environmental conditions after hatching can also affect avian
offspring traits important for survival, and food resources are
a critical component of the posthatch environment. Both food
quantity and quality can influence growth rates, fledging suc-
cess, survival, hormone secretion, and cognitive development
in young birds (Uttley et al. 1994; Cox et al. 1998; Lepage et
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al. 1998; Gunnarsson et al. 2004; Kitaysky et al. 2006; Romano
et al. 2006). For example, lipid content of fish fed to nestling
red-legged kittiwakes (Rissa brevorostris) can affect their learn-
ing ability, with subsequent implications for spatial memory
after fledging, and could ultimately contribute to reduced re-
cruitment in Alaskan populations (Kitaysky et al. 2006). In
addition, a study in snow geese (Chen caerulescens atlantica)
revealed that goslings had higher growth rates in years of greater
food abundance (Lepage et al. 1998). In altricial birds, parents
often increase foraging effort to compensate for low food abun-
dance, allowing their young to grow at similar rates in both
food-rich and food-poor years (Dunn and Hannon 1992; Trem-
blay et al. 2005; Cucco and Malacarne 2009). In contrast, for
many precocial species (e.g., waterfowl), parents may have less
influence over resource conditions posthatch because their off-
spring must acquire much of their own resources after hatching.
Thus, early parental investments in precocial offspring, such as
energy allocation to eggs and maintenance of optimal incu-
bation conditions, may be crucial for offspring posthatch
growth and survival. Research has yet to determine how pre-
hatch developmental experiences such as incubation temper-
ature interact with differing levels of food availability in the
posthatch environment, but there is evidence that interactions
at other stages of ontogeny exist (Monaghan 2008). For in-
stance, in red-billed choughs (Pyrrhocorax pyrrhocorax), both
the quality of the environment where chicks were reared and
the quality of the environment in which they later nested de-
termined their breeding success as adults (Reid et al. 2006).
This study indicated that the negative consequences of the natal
environment may be context dependent and be ameliorated by
better environmental conditions experienced later in life.

In this study, we tested the individual and interactive effects
of prehatch incubation temperature and posthatch resource
conditions on food consumption, growth, and thermoregula-
tion of wood duck (Aix sponsa) ducklings. To accomplish this,
we incubated eggs collected from the field at three ecologically
relevant temperatures (35.0�, 35.9�, and 37.0�C) and then reared
offspring with either ad lib. or restricted access to food. For
many precocial avian offspring, one of the greatest threats to
survival is hypothermia (Talent et al. 1983; Bellrose and Holm
1994; Mauser et al. 1994; Korschgen et al. 1996). Wood ducks
begin hatching in late winter and early spring, when temper-
atures can drop below freezing. Although protein content of
the leg and pectoral muscles is important for shivering ther-
mogenesis, larger body size can also provide thermoregulatory
advantages by reducing surface area to volume ratio and as-
sociated heat loss and mass-specific energetic demands (Visser
1998). Because previous research demonstrated that low in-
cubation temperatures negatively affected duckling protein
content, duckling growth up to 20 d, and thermoregulation
(Hepp et al. 2006; DuRant et al. 2010, 2012a, 2012b), we pre-
dicted that ducklings hatched from eggs incubated at the lowest
temperature would exhibit slower growth and poorer ther-
moregulatory ability compared with ducklings from eggs in-
cubated at higher temperatures. We also predicted that duck-
lings reared on a food-restricted diet would eat less, grow

slower, and have poorer thermoregulatory ability than duck-
lings reared on an ad lib. diet. Last, we predicted that incubation
temperature and feeding conditions would have an additive
effect on duckling growth and thermoregulation, such that the
deficiencies in growth and thermoregulatory performance
among treatment combinations would be most pronounced in
ducklings from the lowest incubation temperature and fed the
restricted diet.

Material and Methods

Study Species

The wood duck is an abundant species of waterfowl that in-
habits a variety of lentic and lotic habitats near timber stands
or those that provide inundated/overhanging shoreline vege-
tation (Bellrose and Holm 1994). Egg laying begins in late
January in populations at lower latitudes and in early April at
higher latitudes of the wood duck’s range. Wood ducks are
secondary cavity nesters and readily use nest boxes; thus, eggs
can be collected easily throughout the entire breeding season
(Hepp and Bellrose 1995). Their clutch size averages 12 eggs,
and only the female incubates the eggs. Females begin night
incubation when ∼75% of the clutch is laid, and constant in-
cubation begins at the end of clutch completion (Hepp and
Bellrose 1995). Incubation period varies from 27 to 37 d (Hepp
and Bellrose 1995), and many females in our population pro-
duce multiple clutches in a season. On the basis of data from
temperature loggers in nests for the duration of incubation,
average incubation temperature ranges from 34.8� to 37.5�C
(Manlove and Hepp 2000; Hepp et al 2006). Wood ducks hatch
synchronously, and ducklings generally leave the nest box
within 24 h of hatching (Bellrose and Holm 1994). On hatching,
ducklings are exposed to cold ambient temperatures, with min-
imums between 0.0� and 5.6�C (Bellrose and Holm 1994).
Ducklings normally feed during the early morning and evening,
with most inactivity occurring midday (Bellrose and Holm
1994). Ducklings typically reach adult size and are able to fly
55–60 d posthatching (Bellrose and Holm 1994).

Study Site

Our study site consists of nest boxes ( ) located on 12n p 92
isolated wetlands scattered across the Department of Energy’s
Savannah River Site in South Carolina. The nest boxes at these
sites have been available for use by wood ducks for more than
20 yr and have been continuously monitored.

Egg Collection and Incubation

From February to April 2011, we collected freshly laid eggs
daily from nest boxes (every morning shortly after egg laying
occurred) in which a nest was initiated before the onset of
night incubation. Every 4 d, we transported eggs to Virginia
Tech. Avian embryos do not develop when maintained below
24�–27�C (White and Kinney 1974), and holding duck eggs at
these temperatures for up to 10 d does not affect hatchability
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(Walls et al. 2011). We artificially incubated eggs in Grumbach
incubators (model BSS 160) at three average temperatures
(35.0�, 35.9�, and ) within the range of naturally37.0� � 0.1�C
incubated wood duck nest temperatures (Manlove and Hepp
2000; Hepp et al 2006). All eggs were incubated at ∼60% hu-
midity. Two preprogrammed cool-down periods occurred each
day (∼3�C reduction in mean temperature for 75 min at 0815
and 1830 hours) to simulate daily feeding recesses taken by
mothers during incubation (Manlove and Hepp 2000). Eggs
were randomly assigned to an incubation temperature, but we
stratified our assignments by clutch to ensure that eggs from
the same clutch were evenly dispersed among temperatures.
Egg incubation and all experimental procedures were con-
ducted in labs on the Virginia Tech campus.

Duck Husbandry

After hatching, ducklings were maintained in pairs in 46 #
-cm plastic cages (2 ducklings/cage; both ducklings32 # 24.5

were from the same incubation temperature) in a temperature-
controlled environmental chamber (28�C, 14L : 10D photo-
period). A 50-W infrared light bulb suspended above each cage
provided additional warmth to ducklings and created a thermal
gradient from 30� to 37�C within each cage. Ducklings had
constant access to water and were fed Dumor Chick Starter/
Grower 20% protein. All animal husbandry followed Institu-
tional Animal Care and Use Committee–approved procedures,
as outlined by DuRant et al. (2010, 2012a, 2012b).

Experimental Design and Time Line

We tested for the individual and interactive effects of incubation
temperature and posthatch nutritional conditions on duckling
thermoregulation, using a factorial design that included3 # 2
three incubation temperatures (35.0�, 35.9�, and 37.0�C) and
two feeding regimes, ad lib. and restricted ( –19 duck-n p 12
lings/incubation temperature # feeding treatment; total p 94
ducklings). To avoid confounding maternal effects (and pseu-
doreplication), we included only one duckling per clutch in an
incubation temperature # feeding regime treatment, using
stratified random sampling. We thermally challenged ducklings
(1–9 ducklings/trial) at 1 and 4 d posthatch. Following the
protocol of Rhymer (1988) and DuRant et al. (2012b), duck-
lings were not fed until after the first thermal trial (1 d post-
hatch). Ducklings catabolize yolk during the first days after
hatching and do not begin feeding in the laboratory until 24–
48 h after hatching (S. E. DuRant, personal observation).

Duckling Feeding and Growth

We carefully quantified food consumption of ducklings to verify
that our technique of manipulating resource abundance was
successful. We gave ad lib. ducklings preweighed (on the basis
of dry weight; all food was dried in a drying oven) food every
morning at ∼0930 hours and removed food 24 h later. We then
removed feces from food dishes, dried the food again, weighed

the remaining food, and calculated the grams (to nearest 0.01
g) of food consumed. Because ducklings were housed in pairs,
we divided the amount of food consumed in each cage by two
to provide an estimate of food consumption for each duckling.
Ducklings had to be housed in pairs because they are very social
and often do not eat when housed alone. While ducklings in
the ad lib. treatment had constant access to food, ducklings in
the food-restricted treatment had access to food two times a
day, from 0600 to 0900 hours and from 1700 to 2000 hours.
Thus, food-restricted ducklings were not restricted in the
amount of food offered but in the amount of time available
to feed. We chose these feeding times because ducklings in the
wild typically feed for two intervals during the day, in the
morning and in the afternoon (Bellrose and Holm 1994). Food
rations for all ducklings in all treatments started at 20 g/d per
duck and increased over time on the basis of duckling feeding
rates such that each pair of ducks always received more food
than they could consume in a feeding interval (restricted duck-
lings) or a 24-h interval (ad lib. ducklings). We measured duck-
ling mass every morning for 12 d and duckling tarsus length
on 0, 1, 4, 8, and 12 d posthatch in order to compare duckling
growth and body condition.

Duckling Thermoregulation

We examined the thermoregulatory capacity of ducklings by
conducting a cold-challenge experiment similar to that de-
scribed by Rhymer (1988) and DuRant et al. (2012b). We ther-
mally challenged ducklings in all treatment groups at 1 and 4
d posthatch. The thermal challenge consisted of exposure to
10.0�C for 1 h (Caldwell 1972; Rhymer 1988; DuRant et al.
2012b). Our challenge temperature was within the range of
temperatures experienced by ducklings in the field in South
Carolina and is likely below the thermoneutral zone for 1-d-
old wood duck ducklings (DuRant et al. 2012b). Although the
precise lower critical temperature of wood duck ducklings is
not known, the lower critical temperature of other dabbling
ducks, such as mallard (Anas platyrynchos) and Eurasian teal
(Anas crecca), at 1 d posthatch is 32�C (Koskimies and Lahti
1964). Wood ducks’ lower critical temperature is probably sim-
ilar because their body mass falls between that of Eurasian teal
(body mass at 1 d old is ∼16.8 g) and mallards (body mass at
1 d old is ∼28.8 g; Koskimies and Lahti 1964).

For each thermal challenge, we acclimated ducklings in in-
dividual 1-L containers within an environmental chamber for
1 h at a thermoneutral temperature (36�C). After acclimation,
we measured body temperature of ducklings, using a cloacal
thermometer (Scultheis T6000; Miller and Weber), then low-
ered the environmental chamber temperature to 10�C over a
period of ∼5 min. After 1 h at 10�C, we measured cloacal
temperature again. Body temperature was measured within 1
min to minimize handling effects. We then calculated the per-
cent change in a duckling’s body temperature from before to
after the thermal challenge and used percent change in body
temperature in statistical analyses to account for individual
differences in body temperature at thermoneutrality. However,
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Table 1: Least squares means (�1 SE) of three different
measures of duckling size for all ducklings incubated in 2011

Incubation temperature

35.0�C
( )n p 101

35.9�C
( )n p 99

37.0�C
( )n p 82 P

Mass (g) 26.9 (.16) 27.0 (.16) 27.6 (.17) .01
Tarsus (mm) 19.1 (.08) 19.0 (.08) 18.2 (.08) !.001
Culmen (mm) 15.2 (.15) 15.3 (.15) 15.2 (.16) .75
Body condition 26.6 (.26) 26.8 (.26) 28.3 (.29) !.001

Note. Mass, tarsus, and culmen are corrected for egg size, whereas body

condition represents body mass corrected for tarsus length. Ducklings hatched

from eggs incubated at one of three temperatures (35.0�, 35.9�, and 37.0�C).

Table 2: Morphometrics of the random subset of ducklings
from 2011 used in the current feeding study: least squares
means (�1 SE) of four different measures of duckling size

Incubation temperature

35.0�C
( )n p 35

35.9�C
( )n p 32

37.0�C
( )n p 27 P

Mass (g) 27.1 (.27) 27.5 (.28) 27.4 (.30) .51
Tarsus (mm) 19.2 (.12) 19.1 (.12) 18.4 (.13) !.001
Culmen (mm) 15.3 (.12) 15.5 (.13) 15.5 (.14) .30
Body condition 26.8 (.41) 27.5 (.41) 27.2 (.52) .10

Note. Mass, tarsus, and culmen are corrected for egg size, whereas body

condition represents body mass corrected for tarsus length. Ducklings hatched

from eggs incubated at one of three temperatures (35.0�, 35.9�, and 37.0�C).

analyses of absolute change in a duckling’s body temperature
yielded the same results. To assess each duckling’s improvement
in thermoregulatory ability as they aged, we also calculated the
difference in an individual’s percent change in body temper-
ature on day 4 relative to day 1 (expressed as change in per-
centage points).

Statistical Analyses

All statistical analyses were run in SAS 9.1 (SAS Institute, Cary,
NC) or Microsoft Excel, and statistical significance was rec-
ognized at . Where appropriate, we tested for normala ! 0.05
distribution of the data and homoscedasticity using Ryan-Join-
ers and Bartlett’s tests, respectively. Unless otherwise noted,
raw data were used in statistical models.

Since experimental treatment was randomly assigned post-
hatching, we determined whether incubation temperature in-
fluenced hatching success and incubation period of all eggs
incubated in 2011 ( ) even though only a portion ofN p 384
the hatchlings produced by these eggs was used in this study.
Hatching success was modeled as binary data, with incubation
temperature as the main effect and clutch origin as a random
effect (SAS proc NLMIXED). Incubation period was analyzed
using ANOVA (SAS proc mixed), again with clutch origin in-
cluded as a random effect. We also investigated the effects of
incubation temperature on duckling size at hatching (mass,
tarsus length, and culmen length) using a series of ANCOVAs.
Models included egg mass as a covariate and clutch origin as
a random effect. Hatchling body condition was analyzed using
ANCOVA by comparing hatchling mass among treatments,
with tarsus length as a covariate and clutch as a random effect.

To determine the effects of incubation temperature and feed-
ing regime on food consumption, duckling growth, body con-
dition, and percent change in a duckling’s body temperature
during thermal trials 1 and 4 d posthatch for the ducklings
( ) used in this study, we conducted four separateN p 94
repeated-measures ANOVAs using either SAS proc mixed or
proc glm, depending on whether there were missing data points.
We used autoregressive and compound symmetry covariance
structures for mixed models on the basis of which best fit the
data. All models included feeding regime, duckling age, and

incubation temperature as main effects as well as all two-way
and three-way interactions. To estimate body condition, we first
regressed mass against tarsus length at 0, 1, 4, 8, and 12 d
posthatch. The residuals produced at each date were used as
the dependent variable in the model. To account for mild vi-
olations of the equal variance assumption, we used Satter-
waithe’s method to estimate degrees of freedom in our food
consumption model. In the body temperature model, we in-
cluded body mass as a covariate, and we rank transformed
percent change in body temperature to meet assumptions of
the model. Because our study was designed to examine inter-
actions between the prehatch and posthatch environment over
time, for all models the full model (included all interactions)
is also the final model. However, we also ran models that ex-
cluded all insignificant interactions, and these models always
generated similar results.

Last, to determine the effects of incubation temperature and
feeding regime on the improvement in a duckling’s thermo-
regulatory ability from 1 to 4 d posthatch, we used a two-way
ANCOVA (SAS proc mixed). We used change in percentage
points from 1 to 4 d posthatch as our response variable in the
model. To account for effects of body size on thermoregulatory
ability, we included mass at 1 d posthatch as a covariate.

Results

Hatching success of wood duck eggs ranged from 69% to 77%
and was similar across all incubation temperatures (P p

). Incubation period differed significantly among incu-0.265
bation temperatures ( , ), with the longestF p 570 P ! 0.0012, 236

incubation period occurring at the lowest temperature and the
shortest incubation period occurring at the highest incubation
temperature (35.0�C: d; 35.9�C: d; 37.0�C:37.2 � 0.1 34.6 � 0.1

d). In addition, ducklings incubated at the highest30.8 � 0.1
temperature had higher body mass and body condition at
hatching but smaller tarsus length than ducklings incubated at
the medium and low incubation temperatures (table 1; mass:

, ; tarsus: , ; bodyF p 4.53 P p 0.012 F p 47.05 P ! 0.0012, 229 2, 229

condition: , ). There was no differenceF p 15.12 P ! 0.0012, 229

in culmen length among incubation temperatures (table 1; cul-
men length: ). Egg mass had a significant positiveP p 0.75
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Table 3: Results (P values) of four repeated-measures ANOVAs conducted to determine the effects of
incubation temperature and feeding regime (ad lib. or restricted) over time on food consumption,
growth, body condition, and body temperature of ducklings hatched from eggs incubated at one of
three temperatures (35.0�, 35.9�, and 37.0�C)

Food
consumption Growth

Body
condition

Body
temperature

Incubation temperature .12 .25 .003 .67
Feeding regime !.001 !.001 !.001 .09
Age !.001 !.001 1.00 .35
Incubation temperature # feeding regime .03 .20 .41 .40
Incubation temperature # age .93 .42 .18 .001
Feeding regime # age !.001 !.001 !.001 .80
Incubation temperature # feeding regime # age .79 .001 .29 .82
Body mass (covariate) NA NA NA .002

Note. NA, not applicable.

Figure 1. Food consumption (means � 1 SE) of ducklings from 1 to
11 d posthatch that were exposed twice to 10�C thermal challenges.
Ducklings were reared on an ad lib. or restricted diet and hatched
from eggs incubated at one of three temperatures (35.0�, 35.9�, or
37.0�C).

influence on all measures of duckling size (all cases: F ≥
, ). For the subset of ducklings used in the food18.79 P ! 0.001

manipulation experiment, body size data followed similar
trends, except that body mass and condition did not differ
significantly among incubation temperatures (table 2; tarsus:

, ; culmen: ; mass: ;F p 10.52 P ! 0.001 P p 0.30 P p 0.512, 90

body condition: ).P p 0.10
As expected, ducklings fed an ad lib. diet consumed signifi-

cantly more food than ducklings fed a restricted diet (table 3;
fig. 1; feeding regime # age: , ). In ad-F p 16.83 P ! 0.00110, 611

dition, we detected a significant interaction between feeding
regime and incubation temperature on duckling food con-
sumption (food regime # incubation temperature: F p1, 163

, ). Whereas ducklings fed the restricted diet ate3.65 P p 0.028
similar amounts regardless of their prior incubation temper-
ature, ducklings fed the ad lib. diet from the low incubation
temperature ate 8%–24% less food than ducklings fed ad lib.
from the medium and high incubation temperatures. The in-
fluence of incubation temperature on food consumption was
consistent across ages (age # incubation temperature: P p

; age # incubation temperature # feeding regime:0.93 P p
).0.79

Ducklings from all treatment groups increased in mass with
age (table 3; fig. 2); however, the degree to which mass increased
depended on both incubation temperature and feeding regime
(fig. 2; incubation temperature # food regime # age:

, ). Growth was lower in ducklings withF p 2.11 P p 0.00124, 1,008

restricted access to resources compared with ducklings fed ad
lib. Contrary to our predictions, however, all ducklings fed a
restricted diet exhibited similar increases in mass over time,
regardless of their prior incubation temperature. In contrast,
ducklings from the low incubation temperature fed an ad lib.
diet had ∼7% lower body mass by 6 d posthatch than ducklings
on the ad lib. diet from the medium and high incubation tem-
peratures, and this effect became more pronounced with age
(fig. 2).

Regardless of feeding regime, ducklings from the highest in-
cubation temperature were in better body condition than duck-

lings from the lower two incubation temperatures (table 3; fig.
3; incubation temperature: , ). As ex-F p 6.22 P p 0.0032, 85

pected, ducklings on the ad lib. diet were in better body con-
dition than ducklings on the restricted diet, and this pattern
also became more pronounced with duckling age (feeding re-
gime # age: , ). Post hoc investigation ofF p 5.00 P ! 0.0014, 340

individual ANOVAs revealed that incubation temperature was
significant at every age. There was not, however, an interactive
effect of incubation temperature and feeding regime on duck-
ling body condition (incubation temperature # feeding regime:
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Figure 2. Body mass (means � 1 SE) of ducklings from 1 to 12 d
posthatch that were exposed twice to 10�C thermal challenges. Duck-
lings were reared on an ad lib. or restricted diet and hatched from
eggs incubated at one of three temperatures (35.0�, 35.9�, or 37.0�C).

Figure 3. Body condition (residuals of mass vs. tarsus; means � 1
SE) of ducklings at 0, 1, 4, 8, and 12 d posthatch that were exposed
twice to 10�C thermal challenges. Body condition is presented here as
the residuals of mass versus tarsus. Ducklings were reared on an ad
lib. or restricted diet and hatched from eggs incubated at one of three
temperatures (35.0�, 35.9�, or 37.0�C).

, ; incubation temperature # feeding re-F p 0.90 P p 0.4092, 85

gime # age: , ).F p 1.22 P p 0.3078, 336

Ducklings from the high incubation temperature maintained
their body temperature better at 4 d posthatch than at 1 d
posthatch, while ducklings from the medium and low incu-
bation temperature did not improve thermoregulatory ability
with age (tables 3, 4; fig. 4; age # incubation temperature:

, ). Contrary to our prediction, the effectF p 7.48 P p 0.0012, 86

of incubation temperature on duckling thermoregulation was
consistent across feeding regimes (incubation temperature #
feeding regime: ; age # incubation temperature #P p 0.401
food regime: ). Although not statistically significant,P p 0.824
there was some evidence that ducklings fed the restricted diet
experienced smaller decreases in body temperature than duck-
lings fed ad lib. (feeding regime: , ;F p 3.00 P p 0.0872, 86

age # feeding regime: ). Duckling mass also influ-P p 0.798
enced the percent change in body temperature during a thermal
challenge ( , ), with heavier ducklings ex-F p 10.74 P p 0.0021, 86

periencing smaller drops in body temperature than lighter
ducklings.

Consistent with our predictions, incubation temperature sig-
nificantly affected how well ducklings improved at thermoreg-
ulating from 1 to 4 d posthatch (fig. 5; incubation temperature:

, ). Ducklings from the high incubationF p 5.19 P p 0.0082, 86

temperature showed substantial improvement, whereas duck-
lings from the medium and low incubation temperature did
not improve significantly with time. In contrast, there was no
effect of feeding regime on the improvement in duckling ther-

moregulation with age (feeding regime: ,F p 0.11 P p1, 86

), and feeding regime did not interact with incubation0.745
temperature to influence ducklings’ thermoregulatory matu-
ration (incubation temperature # feeding regime: F p2, 86

, ). Duckling mass at 1 d posthatch had a mar-0.19 P p 0.829
ginally positive influence on thermoregulatory ability (F p1, 86

, ).3.19 P p 0.078

Discussion

Most studies evaluating the importance of incubation temper-
ature to reproductive success in birds have focused on nest
predation risks, length of the incubation period, hatching suc-
cess, and body size of the hatchling (Webb 1987; Zicus et al.
1995; Tombre and Erikstad 1996; Nuechterlein and Buitron
2002; Reid et al. 2002; Hepp et al. 2006). Fewer studies have
examined effects on physiology and performance of the young
after hatching (Nilsson et al. 2008; Ardia et al. 2010; DuRant
et al. 2010, 2012a, 2012b; Hopkins et al. 2011; Nord and Nilsson
2011), whether these effects persist (DuRant et al. 2010, 2012a;
Hopkins et al. 2011), and how effects manifest under different
posthatching environments (Nilsson et al. 2008; Ardia et al.
2010). Taken together, these studies clearly demonstrate that
temperatures experienced during incubation have tremendous
implications for expression of phenotypes that could influence
fitness of both parents and their offspring. However, the ques-
tion remains whether these effects are reversible or can be tem-
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Table 4: Body temperature (mean � 1 SE) of ducklings held
at thermoneutral (36�C) and outside of thermoneutral
(10�C) temperatures

Day 1 Day 4

Treatment 36�C 10�C 36�C 10�C

Ad lib.:
37.0�C 38.9 � .3 34.8 � .7 39.6 � .2 37.9 � .3
35.9�C 39.3 � .2 37.1 � .2 40.0 � .2 38.3 � .2
35.0�C 39.0 � .2 35.7 � .9 39.9 � .2 37.3 � .8

Restricted:
37.0�C 39.0 � .3 36.1 � .5 39.7 � .2 38.4 � .4
35.9�C 39.2 � .2 37.0 � .4 39.4 � .2 36.9 � .6
35.0�C 39.1 � .2 37.0 � .3 39.6 � .2 37.1 � .8

Note. Ducklings hatched from eggs incubated at one of three temperatures

(35.0�, 35.9�, and 37.0�C) and after hatching were reared on an either ad lib.

or restricted feeding regime.

Figure 4. Percent change (means � 1 SE) in 1 and 4 d posthatch (dph) duckling body temperature from before to after exposure to a 1-h
thermal challenge at 10�C. Ducklings were reared on an ad lib. diet (A) or a restricted diet (B) and hatched from eggs incubated at one of
three temperatures (35.0�, 35.9�, or 37.0�C).

pered by the posthatching resource environment. To our knowl-
edge, this is the first study to determine how the carryover
effects of incubation temperature vary under different resource
conditions after hatching.

In this study, we found that incubation temperature influ-
enced growth, body condition, and thermoregulation of duck-
lings, with the poorest performance occurring in ducklings that
developed at the lowest incubation temperature. Moreover, the
prehatch developmental environment was more important to
thermoregulatory performance than the posthatch environ-
ment (figs. 4, 5), whereas both pre- and posthatch conditions
influenced growth (figs. 2, 3). These findings suggest that for
precocial birds, the investments made by parents to maintain
optimal incubation temperatures are crucial because offspring
may not be able to overcome the consequences of being in-
cubated at cooler temperatures. Our findings support previous

research demonstrating that incubation temperature plays a
pivotal role in determining avian offspring phenotype (Hepp
et al. 2006; DuRant et al. 2010, 2012a, 2012b; Hopkins et al.
2011; Nord and Nilsson 2011), but our work extends these
findings to suggest that the incubation environment plays a
greater role in shaping some phenotypic traits than certain
environmental conditions experienced posthatch.

After ducklings hatched, they were randomly placed on a
food-restricted or ad lib. diet. When food was restricted, duck-
lings from all incubation temperatures consumed similar
amounts of food (fig. 1). In contrast, when food was provided
ad lib., ducklings from the low incubation temperature tended
to consume less food than ducklings from the higher incubation
temperatures. Growth patterns were consistent with food con-
sumption patterns; growth was similar among incubation tem-
peratures for ducklings fed the restricted diet, but under ad lib.
feeding conditions, low incubation temperature ducklings had
slower growth than higher incubation temperature ducklings
(fig. 2). The effect of incubation temperature on growth of
ducklings fed the ad lib. diet is consistent with previous studies
that demonstrated that effects of incubation temperature on
growth persist until at least 20 d posthatch (DuRant et al. 2010;
DuRant et al. 2012a). Presumably, ducklings from the restricted
group all ate similar quantities of food regardless of incubation
temperature because they never were allowed to feed to sati-
ation and simply consumed as much food as possible when
food was present. However, it is unclear why ducklings from
the low incubation temperature fed ad lib. consumed less food
than ducklings fed ad lib. from the two higher temperatures,
but it may have to do with differences in motivation to eat.
Recent work in our lab indicates that ducklings from the lowest
incubation temperature have lower T3 hormone concentrations
(S. E. DuRant, unpublished data), a hormone important for
both growth and feeding in birds (McNabb and King 1993;
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Figure 5. Improvement in duckling ability to maintain its body tem-
perature (means � 1 SE) from 1 to 4 d posthatch when exposed to
a 1-h thermal challenge at 10�C. Ducklings were reared on an ad lib.
diet (gray bars) or a restricted diet (white bars) and hatched from eggs
incubated at one of three temperatures (35.0�, 35.9�, or 37.0�C).

McNabb et al. 1998). Alternatively, reduced feeding in ducklings
from the low incubation temperature fed ad lib. could be at-
tributable to their smaller size at hatching, which may lower
their food requirements. However, this effect was not evident
in birds fed the restricted diet. Regardless of the mechanism,
the consequences of reduced food consumption are clearly evi-
dent in duckling growth profiles.

Contrary to the dual influence of pre- and posthatch envi-
ronments on duckling growth, only the prehatch environment
influenced duckling thermoregulation (figs. 4, 5). Ducklings
that hatched from eggs incubated at the highest incubation
temperature showed significantly more improvement in main-
taining their body temperature from 1 to 4 d posthatch than
ducklings in the lower incubation temperatures, regardless of
posthatch feeding conditions. Thus, ducklings from the highest
incubation temperature may transition to endothermy more
quickly than ducklings from the other incubation temperatures.
Interestingly, similar to many other phenotypic characteristics
we have examined (DuRant et al. 2010, 2012a, 2012b, 2013b),
incubation temperature does not affect thermoregulatory ability
in a linear fashion (figs. 4, 5). Importantly, there was no effect
of feeding conditions on duckling thermoregulation, even
though body mass between ad lib. and restricted ducklings
differed by ∼8% at 4 d posthatch. This finding suggests that
the effect of incubation temperature on thermoregulation may
be controlled by physiological factors independent of factors
influenced by body mass. For example, developmental delays
or differences in muscle maturity, thyroid hormone production
or action, or ability to detect and thus respond to changes in

ambient temperature could all underlie our observations (Visser
and Ricklefs 1993, 1995; McNabb et al. 1998; Visser 1998;
DuRant et al. 2010, 2012b). Regardless of how incubation tem-
perature influenced thermoregulatory ability of ducklings, the
differences in thermoregulatory ability among treatments could
translate into differences in survival. Early thermoregulation is
essential to the early survival of highly precocial avian offspring.
Indeed, in some species of waterfowl, hypothermia can account
for 8%–25% of hatchling mortality occurring within the first
days of hatching (Talent et al. 1983; Mauser et al. 1994; Korsch-
gen et al. 1996). Alternatively, the decreases in body temperature
experienced during the thermal trial could be interpreted as
adaptive, because resilience to decreases in body temperature
is thought to allow young chicks to transition to homeothermy
without constant reliance on brooding or huddling while still
allowing the chick to remain active at comparatively low en-
ergetic costs (Visser 1998; see also Angilletta 2010). However,
previous work in our lab indicated that ducklings from the
lowest incubation temperature expend more energy when
thermoregulating than do ducklings from the higher incubation
temperatures, suggesting that these thermoregulatory deficien-
cies come at a cost that is likely detrimental (DuRant et al.
2012b).

In addition to affecting posthatching characteristics of duck-
lings, incubation temperature also influenced duckling size at
hatching (tables 1, 2), consistent with the findings of previous
studies (Hepp et al. 2006; DuRant 2012b; but see DuRant et
al. 2010, 2012a). Ducklings from the highest incubation tem-
perature had higher body mass at hatching than ducklings from
the lower incubation temperatures, a result at least partially
attributed to shorter incubation duration and lower total energy
expenditure during incubation at higher temperatures (DuRant
et al. 2011). Heavier body size can have fitness advantages. For
instance, heavier mallard ducklings have improved survival
rates to 30 d posthatch (Amnudson and Arnold 2011), and
heavier ducklings have greater thermoregulatory capabilities
(Rhymer 1988). Interestingly, ducklings from the high incu-
bation temperature hatch with smaller structural size (tarsus
length; Hepp et al. 2006; this study) than ducklings from the
lower temperatures. Although embryonic development is
slower at the lower temperatures (Booth 1987; Olson et al. 2006;
DuRant et al. 2011), ducklings experiencing longer develop-
mental periods grow structurally larger but use more energy
to do so and thus hatch with lower body mass and condition.

The importance of incubation temperature to avian phe-
notypic expression has been substantiated by a growing body
of literature. Our study not only corroborates those findings
but also further underscores the importance of the prehatch
environment for the expression of some phenotypic traits early
in ontogeny by directly comparing its importance to the influ-
ence of posthatch resource conditions. Our findings suggest
that precocial birds may incur fitness benefits by investing en-
ergy in optimal incubation environments, since their young
hatch with phenotypes that are more conducive to early sur-
vival. However, maintenance of incubation conditions comes
at costs to incubating parents because it detracts from self-
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maintenance (e.g., decreased body mass, immune responses,
and survival), creating potential trade-offs between current and
future reproductive success (Reid et al. 2000a, 2000b; Hansenn
et al. 2005; de Heij et al. 2006; DuRant et al. 2013a). Further
studies are needed to compare the relative importance of in-
cubation temperature and posthatch conditions to phenotypic
expression in altricial and precocial species. Since altricial young
are still rapidly developing and maturing tissues after hatching,
their phenotype may be more plastic at hatching; thus, parents
may still be able to compensate for suboptimal incubation con-
ditions by providing a better nest environment after hatching.
Even if offspring that experience suboptimal temperatures dur-
ing incubation can offset the phenotypic effects of develop-
mental conditions by consuming more resources posthatch,
multiple lines of evidence demonstrate that there are costs to
such compensatory mechanisms (Metcalfe and Monaghan
2001; Monaghan 2008). For instance, costs associated with
compensatory growth have been documented in a range of taxa
and can include higher predation risk, lower starvation resis-
tance and locomotor performance, and shorter life span (re-
viewed in Metcalfe and Monaghan 2001). Taken together, our
current findings in conjunction with previous research on tem-
perature-induced avian phenotypes (DuRant et al. 2013b) high-
light the importance of incubation temperatures to avian ecol-
ogy and life history and also underscore the importance of
conserving nesting habitat and minimizing disturbance expe-
rienced by incubating birds, given the repercussions that sub-
optimal temperatures have on offspring phenotype.
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